Abstract-In this review, we tried to elucidate the origin and development of different animal and human cell culture methodologies used to evaluate the effects of various factors and substances in vitro. Organ cultures and conventional two-dimensional cultures of dissociated cells of various types, such as primary, tumor, induced pluripotent, stem, etc., have their advantages and drawbacks but usually do not represent accurate models for studying biological processes that take place in living organisms. Nowadays, high-throughput cell assays on the basis of various methods of signal detection (optical utilizing colorimetric, luminescent and fluorescent methods of detection, and electrochemical) are widely used at early stages of drug development for selection of the most active compounds and evaluation of their cytotoxic effects. The use of animals as models for drug testing is being criticized because of the lack of correlation between the results obtained in studies on them and on humans, and also because of the high cost and ethical issues. Therefore, much effort is put to create models based on human cells. This is how cultures emerged that utilize a three-dimensional network to simulate the architecture of tissues in vivo, and then so-called organs-on-chips-microfluidic microfabricated devices combining several types of cells-that replicate physical and chemical parameters of the microenvironment of cells in living organisms. In summary, experimental cell models have come a long way from the whole organs cultivated in a growth medium to almost complete reconstruction of organs in vitro based on the cutting-edge engineering approach with the use of different cell types. This currently enables one to replicate complex biological processes and study the influence of different substances and factors on them more successfully.
The history of mammalian cell and organ cultures in vitro goes back more than one hundred years. Organ culture is the earliest variant of the tissue culture method that dates back to 1897 when Leo Loeb, a pioneer researcher in the field of carcinogenesis, maintained rabbit liver, kidney, thyroid, and ovary on small plasma clots ex vivo up to 3 days [1] . As early as in 1908, scientists succeeded in culturing animal cells outside of the organism for days and even months. However, for decades following that first steps, this field of cell biology had to overcome serious obstacles on the way of its development such as complex culture technology, insufficient data regarding physical and chemical requirements to the given process and to the culture medium, and simply the absence of welldeveloped quantitative methods. In the 1940s, Wilton R. Earle, G.O. Gey and their colleagues demonstrated that cells derived from different tissues could be successfully maintained in vitro in a simple composition medium that, but strictly following basic culturing principles. From that time on, cell culture has become an indispensable object for studying the cell cycle, nucleocytoplasmic interactions, infections with various pathogens, host-parasite relationship, carcinogenesis, radiation exposure, and substances produced by cells, including hormones; followed by a broadest range of research studies at the molecular and biochemical levels.
From the very beginning of the development of cell culture technique in vitro, cell and organ cultures were used to investigate biological activity of various chemical substances, including pharmaceuticals. Pomerat and Leake tested for toxicity in primary explant cultures from different organs of chick embryos and adult human skin more than 100 various substances [2] . Their paper dated 1954 reports many advantages of cell and organ cultures compared to drug testing on animals, such as more precise monitoring of experimental conditions; possibility to obtain from the one source a material homogenous enough to be subjected to statistical analysis; relative simplicity of methodology, experimental equipment, and materials; capability for observations at a cellular level; and documenting dynamic results.
In vitro techniques that were used to study the effects of various substances and factors on an organism underwent significant changes since. In recent decades, the amount and multiplicity of compounds screened as pharmaceuticals have increased fast due to the rapid development of combinatorial chemistry and biology. The journey from drug "discovery" to its commercialization lasts for nearly a decade, and it costs hundreds of millions of US dollars [3, 4] ; despite the application of fast, selective, and robust highthroughput screening (HTS) employed at present for early phase of drug discovery.
Since the mid-1990s, HTS allowed a tenfold cost reduction of testing the so-called library compounds in search of candidates to interact with protein targets. The screening is an optimized conveyor-type and usually robot-assisted procedure when a great number of chemical compounds (over 10000) is simultaneously screened for affinity or activity towards a specific test system, resembling the biological one. The principle is as follows: the robotic device pipettes minimum quantities of substances or their mixtures into special plates with hundreds of wells that contain test items, e.g., immobilized target molecules or specifically modified whole cells. After a probe is added, the plate is canned for signals and the wells with biological activity are revealed [5] . Depending on the technology, radioactivity signal, fluorescence, bioluminescence, polarized emission, etc. can be detected. The two most common types of HTS are the so-called biochemical assay and cell-based assay. Biochemical target-based assay mainly relies on enzyme inhibition and ligand binding to a receptor; the reactions are carried out in a test system without involvement of living cells. It should be noted that the activity of a compound observed in this type of screening differs from its activity in vitro and much less in vivo. Therefore, companies conducting toxicity testing of drugs gradually move to cell-based HTS of three basic variants: second messenger system analysis, reporter gene assay, and cell proliferation assay [6] . Such assays offer more relevant microenvironment and, thus, are a compromise between tests conducted on whole organisms and biochemical assays.
IN VITRO CULTURE TECHNIQUES FOR CELL-BASED HTS

Organ Culture/Explant Culture
In organ culture, entire organs or their parts (explants) are grown within a gas-liquid interface on a rayon acetate raft, metal grid, or gel matrix; because, as shown by numerous experiments, the majority of organs or their fragments grow best on solid substrates rather than in liquids, while air prevents their necrosis. Furthermore, they can retain structural and functional characteristics, at least partially, which makes it possible to study native processes ex vivo. The properties and capabilities of organ explants and tissue slices are similar to those of the whole organs but they also have several advantages, e.g., they are more suitable for research studies that require visual evaluation, immunohystochemistry staining, etc. The major limitations of using organ cultures and explants are a high degree of labor intensity to obtain them, lack of protocols that guarantee satisfactory viability of tissues after freeze-thaw cycle, and inability to maintain them in vitro for an extended period of time. Thus, their application in HTS is limited.
Organotypic Culture
This methodology represents a technique when various cell types are cultured together. It may employ both immortalized cells and cells with limited mitotic potential. Organotypic cultures may also include support matrices or three-dimensional scaffold to replicate architecture and morphology of tissues in vivo. Combination of different types of cells was shown to have a key role in creating certain cellular entity that enables the cells to function as in native conditions, i.e., in a whole organism. Skin models are well-characterized organotypic systems that can serve as so called living skin equivalent (LSE) in clinical practice. We will discuss this in more detail.
LSE is a three-dimensional tissue construct which consists of a layer of keratinocytes and underlying layer of fibroblasts embedded into a scaffold resembling extracellular matrix [7] . There are several commercially available LSE variants that are suitable for studying toxic effects of substances in vitro, namely, StrataTest ® , EpiDerm ® , EpiSkin ® , EST-1000 ® , and Leiden epidermal skin model [8] . Creation of these models was necessitated, on one hand, by the prohibition to test cosmetic products on animals in Europe and, on the other hand, by the results of studies showing that the effects of various chemical irritants on animal skin differ from human skin reactions to them. For example, only five out of 16 irritants proved to have comparable effect on human and rabbit skin [9] . The above-listed LSEs are standardized and demonstrate similar test results regardless of a batch, which is a significant advantage. Their morphologic structure resembles human skin but they have a thinner layer of squamous epithelium [7] . Epidermis of the LSEs is noted to have strong barrier function, thus allowing their application for dermatological research.
LSEs are extensively used in research on dermal corrosion that is triggered by skin exposure to various irritants. One of the criteria to assess the effects of substances on skin is the level of expression in the latter of interleukin 1 (alpha) inflammatory cytokine produced by keratinocytes and neutrophils. It induces sponta-neous inflammation, causes various injuries, and stimulates cell proliferation and angiogenesis [10] . Another criterion is the number of viable cells following the exposure to an irritant. In accordance with the international guidelines, a substance is classified as noncorrosive if 50% of the bottom layer keratinocytes survive after 3 min of the stratum corneum exposure to the substance and 15% survive after 60 min of the exposure. A great number of studies is devoted to the evaluation of the effects sodium dodecyl sulfate (SDS) has on LSE models. SDS is a strong detergent mainly used for the production of cosmetic and household goods, the exposure of the epidermal keratinocytes to which causes an expression of anti-inflammatory cytokines and inflammatory related chemokines through the tumor necrosis signaling pathway [11] . After 4 h of exposure to 1% SDS, the percentage of living cells in EST-1000 ® was over a half of the initial amount, which indicates a satisfactory performance of this model in terms of barrier function [12] . Similarly, another type of LSE, StrataTest ® , can be used to study human skin reaction on irritants of various strengths, as shown by research on SDS influence [13] .
Several studies investigated the effects of LSE exposure to ozone (О 3 ), which causes the formation of carbonyl compounds and high levels of oxygenized proteins in EpiSkin ® cells. The studies demonstrated the antioxidant activity of vitamin C, thiols, and green tea extracts [14] .
Similar results were obtained in the experiments with StrataTest ® . In addition, oxidative stress was explored following StrataTest ® exposure to cigarette smoke. Smoke from one cigarette caused a nearly fourfold increase of reactive oxygen species concentration in cells [13] . Thus, StrataTest ® and EpiSkin ® can assist in modeling oxidative stress and studying the efficacy of antioxidant action on human skin in vitro.
StrataTest ® was also employed to study the adverse effects of ultraviolet irradiation (UV), which confirmed the LSE response to UV exposure to be similar to that of human skin. Furthermore, pretreatment of StrataTest ® with sunscreen lotion promoted a decrease in the formation of reactive oxygen species and thymine dimers indicative of DNA damage [13] .
Represented data demonstrate commercially available skin equivalents to be relevant systems for pharmacological and toxicological research.
Dissociated Cell Culture
Dissociated two-dimensional cell culture (2D culture) currently serves as a basic model of cell biology, used for in vitro studies on effects of different substances and factors on living system exposure to diverse substances and factors. The success of this model is due to the property of the majority of mammalian cell types to proliferate outside an organism in specific growth media and to form homogenous colonies. Dissociated cell culture provides advantages of easy maintenance in vitro, a great number of consumables available in the market, specific media, kits, equipment for cell isolation and culture maintenance in an artificial environment, the possibility to order thousands of different identified and described cell lines from cell banks, existence of multiple molecular techniques for cell modification, enabling alteration of gene transcription and translation, and, last but not least, applicability for HTS.
Primary cell lines are cell cultures obtained by disaggregation of tissue or an organ with proteolytic enzymes or mechanical methods. In Russian language publications, the term primary culture refers to a heterogeneous population of cells following their isolation from tissue and prior to the first passage; whereas abroad, any lines or strains of cells that possess limited mitotic potential and, hence, limited life span are called primary. Due to this, as well as because they are difficult to culture and transfect, these lines have limited application in research. They, nevertheless, offer benefits of unaltered biochemical properties, structure, and phenotype and usually respond to external stimuli similar to cells in vivo [15] .
Lines of immortalized cells (primary cells that are transformed spontaneously or artificially) are widely used for drug screening because of the low cost, reliability, and reproducibility. They are easy to grow and maintain in culture, tolerate cryopreservation well, and are able to retain their properties after thawing. Commonly, immortalized cells are derived from primary cells by means of genetic modifications. However, it should be noted that, following genetic alterations, these cells lose their phenotypic identity to primary cells, become aneuploid, tend to dedifferentiate, and, as a result, slightly resemble their progenitors or, in other words, possess characteristics that significantly differ from their counterparts in vivo [16, 17] . Therefore, it is essential to evaluate whether this model is relevant and representative enough to study any biological processes or for drug screening.
Cancer cell lines represent cells of the tumor that they are isolated from. The lines have been extensively used in anticancer drug screening for pharmaceutical research [18] . The first tumor-derived cell line named HeLa was isolated from human cervical carcinoma in 1951 and is still maintained and used in scientific investigations. However, notwithstanding their popularity, cancer cell lines are not an ideal model for research either, since they possess and accumulate mutations that can influence the results of experiments involving the lines. For example, MCF-7 breast carcinoma cells do not express caspase-3 enzyme, which participates in apoptosis induction [19] . produce sufficient number of normal cells for HTS and toxicological investigations. The application of ES cells is limited in biology and pharmaceutical and medical sciences due to ethical issues, because an embryo needs to be destroyed to obtain these cells. That is why the generation of the first iPS cells revolutionized the field of stem cells and their application [20] . The iPS cells are generated from differentiated somatic cells in vitro through induction of functional pluripotency genes. The former lose the properties of somatic cells and come to resemble ES cells in terms of morphology, proliferation, gene expression, and differentiation potential. The iPS cells can be isolated from patients with genetic diseases, which increases opportunities for drug development [21] .
Human embryonic stem (ES) cells and induced pluripotent stem (iPS) cells
Cell Culture Systems Notwithstanding over a hundred years of experience in studying in vitro the effects of cell culture exposure to diverse chemical compounds and physical factors, verification of ADMET criteria (absorption, distribution, metabolism, excretion, and toxicity) continues to utilize animals as the models to test compounds in the process of their registration as pharmaceuticals. Such approach provides an opportunity to analyze reactions at the level of an entire organism, but the studies typically show low correlation between the results obtained in animals and in humans on account of considerable interspecies differences in key cascade reactions and changes in gene expression profile caused by a disease [22, 23] . Apart from this, animal testing is costly, has low efficiency, and as pointed out earlier, does not adhere to ethical standards. The obvious inference is that the conventional 2D cultures fail to reproduce to the full extent the biological properties of tissues in vivo that exist in an organism in threedimensional (3D) environment [24] .
All mentioned above emphasizes a critical demand for even more sophisticated approaches to modeling in vitro the conditions specific for human organism.
Comparing 2D and 3D Culture Techniques
Automated screening based on 2D culture in multiwell plates may produce erroneous results when predicting tissue-specific responses, because cells in monolayer tend to lose their initial morphology and display distinct cell-matrix and cell-cell interaction patterns. Behavior and differentiation of cells grown on two-dimensional surface differs from cells in 3D scaffolds or tissues in vivo [25] . It is the third dimension that enables the additional vector in cell-cell interactions, cell migration, and morphogenesis, which are critical in regulating the cell cycle and functioning of tissue in vivo. For example, gemcitabine was demonstrated to effectively inhibit proliferation of tumor cells in colon and ovaries in 2D cultures. However, experiments in 3D systems did not confirm the findings. In fact, colon cancer cells in 3D cultures proved to be 180 times more resistant to anticancer drugs than in 2D cultures [26] . Results similar to this suggest that 3D models of tumors can ensure validity of findings when testing anticancer drugs. Overall, 3D cell culture (3D culture) is evidenced to be a more relevant platform for drug development by the data outlined above.
Static and Perfusion Cell Cultures
The widespread HTS platforms using multiwell plates are intended for assays in a static microenvironment, i.e., medium is poured into and removed from wells discretely and batchwise. Such system does not allow a long-term maintenance of cell culture. In addition, replacement of culture medium in wells causes fluctuations of culture microenvironment parameters [27] . Further minituarization could have brought a strong potential for increasing the efficiency; however, high surface area to liquid volume ratios in microwells will lead to uncontrolled evaporation of liquid and, thus, unfavorable culturing conditions. This prompted development of modified multiwell plates with integrated microfluidic systems, which demonstrate higher performance when screening pharmaceutical compounds [28] and testing anticancer drugs for cytotoxicity [29] . These perfusion systems where evaporation of liquid is compensated can maintain cell culture for a considerable period of time to evaluate long-term effects of drugs.
Apart from maintaining a cell culture by continuously supplying nutrients and removing waste perfusion can be adopted to generate concentration gradients of medicinal products, a particular physical microenvironment (e.g., shear stress or flow of interstitial fluid), and to create substances circulatory system for more accurate imitation of conditions in vivo [28] . For example, upon comparison of chondrogenesis in static and perfusion cultures, the latter revealed accelerated proliferation of chondrocytes and enhanced synthesis of extracellular matrix [30] .
Methods for Cell Counting and Detecting Cellular Activity
The fact that nearly 30% of new candidate drugs are refused final authorization is attributed to the inability to identify the toxic effect of compounds at the early stages of drug development [31] . Therefore, testing for citotoxicity, which relies on counting the cell number and detecting cell viability, has become one of the most important stages in the development of medications. Conventional methods, which are labor-intensive and time-consuming, employ a hemocytometer, cell counters, and flow cytometry. At the same time, invasive chemical reagents need to be applied in cell viability assays that are based upon exclusion of trypan blue by live cells immediately fol-lowing its absorption or upon absorption of neutral red (without exclusion) after the given substances are added into culture medium. These are relatively low throughput methods, and, hence, they are not suited for use in HTS. Also, in HTS, a limited sampling due to small volumes used [32] requires vital staining. Detection methods applied in cell-based HTS are divided into two large groups, namely, electrochemical and optical.
Electrochemical Methods
Electrochemical methods are based upon monitoring the kinetics of intracellular processes, the cell barrier functions, or electric potential generated by certain types of cells [33] . Diverse biosensors were designed for the methods combining elements of biological recognition and electrochemical transduction.
Electrochemical methods based upon detection of changes in intracellular processes. Any living cell can be considered as an electrochemical system [34] . Generation of electrons, charge transfer due to redox reactions, and ionic composition and concentration changes in living cells can be used to characterize viability of cells in homogenous solutions [35] . In addition, cell metabolism causes changes in metabolic products (e.g., lactic acid and carbon dioxide) or substrates (e.g., glucose and oxygen dissolved in cytoplasm). Different electrochemical biosensors have been developed to detect changes in culture medium and cells on the basis of their metabolism [36] [37] [38] . Potentiometry and amperometry are the two electrochemical methods that are based on cellular activity. Metabolic activity is known to be influenced by multiple uncontrollable environmental factors, which limits application of this approach in cell-based HTS.
Electrochemical method based on barrier functions of cells. The local ionic environment at the electrode/solution interface changes in the presence of cells. Generally cells displaying insulating properties significantly increase impedance of the electrode [39] . For that reason, electrochemical technique of impedance spectroscopy is suitable to assess cell viability, morphology, quantity, apoptosis, and adhesion. To give an example, a new sensor integrated into the bottom of a plate, has been developed for quantitative analysis of living cells. This device allows real-time evaluation of the cytotoxicity and acute toxicity [39] .
Electrochemical method based on stimulating/recording an electric potential of cells. Cells and tissues, such as heart muscle, pancreas beta cells, neural cells, generate bioelectric signals that occur as a result of well-tuned activity of ion channels in the cell membrane [33] . Recording these bioelectric signals can assist in testing drugs used to treat heart arrhythmia, hypertension, Parkinson's disease, diabetes, neuropathic pain, etc. The technique exhibits good performance, high sensitivity, and simplicity of procedures and is suitable for noninvasive detection of cellular activity of electrogenic cells with the capacity of longterm cell culture.
Though noninvasive and reasonably efficient, the electrochemical methods, nevertheless, do not provide data with respect to specific cellular responses directly linked to particular cell functions, biomarkers, or signal pathways, which is important in understanding mechanisms of drug action. Moreover, electrochemical methods are not applicable to 3D cultures, because they require direct contact of cells with the electrode.
Optical Methods
The common techniques to count cells and analyze their viability during cell-based HTS include colorimetric, luminescent, and fluorescent methods.
Colorimetric methods are based on color change by the growth medium following a reaction of cellular metabolites with special chemical reagents. Several colorimetric assays have been developed that use ruthenium dye [40] and alamar Blue [41] . However, their applicability is limited due to the low sensitivity of ruthenium dye and poor reliability of alamar Blue. There are kits marketed for evaluation of metabolic activity of cell culture that employ tetrazolium salts, such as MTT (3-(4,5-dimethyltiazol-2-yl)-2,5-diphenyltetrazolium bromide) [42] , MTS (3-(4,5-dimethyltiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) [43] , and XTT (2,3-bis-(2-metoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide). The latter are reduced by actively growing cells to a colored formazan product, which is further quantified using spectrophotometer.
Despite their popularity, the calorimetric methods require chemicals to be added to culture according to a specific repeated pattern, which may damage living cells [44] . These assays are regarded as invasive, laborintensive, time-consuming, and low sensitive. In addition, they allow results to be obtained only at the end point of an experiment, which is a serious drawback when testing for cytotoxicity in vitro. Dynamic data is preferred, since it can describe responses of cells to drug exposure in more detail.
Luminescent methods. An oxidation of luciferin, catalyzed by luciferase enzyme, generates light, which may be detected using photosensitive devices, such as a luminometer or optical microscope [45] . Luciferase from fireflies has found widespread use as a reporter in transfected cells where luciferase gene is inserted under the control of the target promoter to assess its transcriptional activity [46] . Luciferase is commonly used as a reporter in many commercial kits that are based on analyzing cellular activity of kinases. Luciferase can also be applied to measure cellular ATP level during tests for cell viability. enzymes, such as caspase or cytochrome P450, can convert special precursor molecules to luciferin. Thus, activity of these enzymes can be detected by the coupled or the two-step luciferase assay [47] . Luminescent methods have a disadvantage of the bioluminescence intensity being affected by many factors other than amount of luciferase, namely, unaccounted absorption of luciferin, the presence of cofactors, transparency and pH of culture medium or buffer, that cause discrepancies between a detected signal level and actual changes in cellular activity [48] .
Fluorescent methods, when compared to luminescence-based technologies, are more sensitive and adaptable to handle probes of minuscule volumes during high-throughput analysis of toxicity of chemical compounds, cell responses to exogenous stimuli, and activation of signaling pathways [49] . Recently, "quantum dots" nanoparticles have been introduced into widespread use as fluorescent tags. These semiconductor nanocrystals are easy to insert into cells, photochemically stable, can provide narrowband and adjustable emission, and can be excited by a light of any wavelength. It is possible to obtain different emission colors by using nanoparticles of different sizes that are excited by light of a single wavelength [50, 51] . Application of quantum dots may be limited by their cellular toxicity. In addition, similar to calorimetric methods, they can be used to quantify cells or cellular activity in the endpoint of the experiment only, which can't provide evaluation of cell proliferation or death kinetics.
Techniques developed on the basis of reporter genes using green fluorescent protein (GFP) enabled to perform noninvasive automated assay of cell proliferation and specific cellular functions in real time [52] . Such assay was first demonstrated with cells from Chinese hamster ovary (CHO line) that expressed GFP under the control of human cytomegalovirus (CMV) promoter [53] . Later, GFP and its mutant forms were obtained with emission light colors from blue to yellow. Besides, GFP can be paired with Discosoma species red fluorescent protein (dsRed) for two-color or multiplex assays [54] .
In addition, activation of caspase-3 during the apoptosis may be monitored by FRET (fluorescence energy transfer) based assay. FRET is a phenomenon when the wavelength of emission of a complex of two fluorophores is observed to change when a short peptide linkage between them cleaves [55] .
Overall, systems for fluorescence detection in living cells are noninvasive and comply with the requirements of easy-to-use and high-speed application in HTS, and they tend to produce kinetic data. Modern commercial HTS of similar design employ laser scanning systems with fluorescent microscopy and image quantification to perform live cell-based kinetic analysis with high spatial and temporal resolution. They can be used to study the events in living cells, to quantify intracellular proteins fused with fluorescent reporters, and to observe their transport and some other subcellular structures [56] . However, high cost and low efficiency of the discussed HTSs limit their use to the late stages of drug research [57] . Moreover, fluorescence visualization systems are also limited to the analysis of 2D culture cell images.
3D CULTURE-BASED HTS FOR DRUG DEVELOPMENT Fluorescent Assay Using 3D Culture It should be noted that, when fluorescent signals of GFP expressing cells in 2D culture are not strong enough they may be masked by a high level of fluctuating background signals, which are observed owing to various nonspecific effects [58] . This can be overcome if transfected cells are cultured in a scaffold of fibrous polyethylene terephthalate (PET) in modified wells, which considerably increases the total number of cells per unit area and reduces background noise [59] . Such 3D culture allows 20 times higher level of cell fluorescence and significantly improves signal-to-noise ratio for the reason that cells in a scaffold tend to concentrate in the center of a well, while background fluorescence can be measured separately and subtracted from the total amount to obtain a true value of living cells signal. The new platform for fluorescent 3D culture provides reproducible kinetic data, which can be utilized to evaluate the effect of drugs on cell proliferation with a higher degree of reliability. It has been successfully employed to investigate cytotoxicity of chemical substances and antitumor drugs and, thereby, demonstrating possibility of its application at the early stages of drug development.
Cell Analysis Using Microfluidics
Microfluidics is a multidisciplinary field that deals with behavior of small volumes and flows of fluids (of the order of microliter and nanoliter) at the junction of physics, hydraulics, dynamics, chemistry, biology, and engineering. With its advances, the technologies capable of revolutionizing the field of cellular research emerged that allow manipulation of small volumes of fluids using microstructures. The controlled manipulation of microfluidic devices at dimensions close to a cell or biomolecule enables its use at the cellular level, while an array of microchannels comprising them replicates microenvironment of cells in vivo [28] . Microfluidic systems can provide rapid delivery of substances to cells to ensure high reaction and analysis rate and can accurately monitor movement of fluids and concentration of substances in them. Microfluidic systems that incorporate external control and realtime detection mechanisms can be completely automated for HTS.
Microfabricated devices based on hepatocyte culture [60] , lung cells [61] , etc. on the surfaces of silicon and polydimethylsiloxane (PDMS) have been demonstrated. Hung with colleagues were the first to design microfluidic system that is integrated with a gradient generator for substance concentration and well suited for long-term cellular monitoring [62] . This device consists of the gradient generator and an array of microchambers (10 × 10 units) which enables performing 100 experiments in parallel with unique conditions in each chamber. Devices like this offer a platform to explore protein expression in culture in response to culture medium composition and pH levels, density of cells, and perfusion rate.
The majority of microfluidic platforms are fabricated using PDMS, which is an optically transparent, gas permeable, and biocompatible polymer [28] . However, PDMS tends to absorb hydrophobic molecules due to its hydrophobic properties. X. Su et al. tested cytotoxicity on HEK cell culture using devices with microchannels made of polystyrene (PS), cycloolefin polymer (COP), and PDMS. It was shown that PS and COP are more suitable for testing the hydrophobic drugs than PDMS [63] . Nonetheless, microfluidic devices described above do not represent an ideal alternative to conventional cell culture because all of the reagents and cells are positioned in an interconnected network of enclosed microchannels, making it difficult to establish fresh sterile sites for seeding new generations of cells. Digital microfluidics has emerged to solve this problem, which is a technique that deals with droplets of the order of a nanoliter on an open surface of an array of electrodes. For example, I. Barbulovic-Nad with colleagues introduced the first lab-on-a-chip platform powered by this technique capable of implementing all of the steps required for mammalian cell culture, such as cell seeding, growing, detachment, and reseeding on a new surface [64] .
Microfluidic Systems Based on 3D Cultures and Organs-on-Chips
Initially, microfluidic devices were filled with 2D cultures. Then, microfabricated devices on the basis of 3D cultures were developed. These systems represent a relevant biological model for conducting cell-based microscale research and drug testing. The most recent advance in this type of platforms are organs-on-a-chip, which is a microengineering system that reproduces key functional features of human organs. The systems are generally composed of transparent polymer 3D microchannels layered with living cells and, similar to organs in vivo, display three-dimensional architecture defined by spatial arrangement of several types of cells ensuring their functional interaction. They mimic the complex organ-specific microenvironment of cells with certain biochemical and physical parameters [65] [66] [67] [68] [69] [70] and thus allow a reasonably accurate modelling of complex biological processes in vitro.
The approach has been recently applied to construct models that replicate complex structure and functionalities of organs such as liver, heart, lungs, intestine, kidneys, brain, and bones [65, [71] [72] [73] . A representative example is a lung-on-a-chip microfabricated device that reconstitutes the mechanically active alveolar-capillary barrier [66] . The model was created based on a three-dimensional microfluidic system divided into compartments where alveolar epithelial cells were cultured in close contact with pulmonary microvascular endothelial cells on a thin porous flexible artificial membrane analogous to alveolarcapillary membrane in vivo. The system is integrated with computer-controlled mechanism utilizing negative pressure, which provides cyclic stretching of the alveolar-capillary membrane to imitate respiratory movements. Importantly, the device enables reconstitution and visualization of complex integrated responses at an organ level, which are not possible to be observed in conventional cell culture models; namely, an increase in the number of immune cells that migrate from the bloodstream in response to bacterial infection, their phagocytic activity, appearance of proinflammatory cytokines, and intrusion of nanoparticles from the environment [66] . Furthermore, the capability of this model to imitate the mechanical activity of a lung revealed a phenomenon that has not been studied before, that is, stretching of lung tissue causes its injury and promotes inflammatory processes.
Scientists continue their work towards development of artificial organs-on-chips, improving their models by adding several closely related "organs" and creating body-on-a-chip fully automated and with the maximum possible functionality [74, 75] .
Thus, due to advances in chemistry, physics and engineering technology, and also to creation of nanotechnologies biologists after starting the in vitro culture experiments with culturing the whole organs in the end of the 20th century and passing through a phase of 2D and 3D culture of dissociated cells, finally reverted to organ culture, but this time representing a bioengineering device. A novel organ culture, termed organs-on-chips, is being developed using living and artificial elements according to already established principles and relying on the vast experience accumulated to date in the field of biology and allied disciplines to approximate the functionality of this cybernetic system and organs in vivo, while being able to control each element of it. This approach should eventually create an ideal model that will precisely recapitulate complex biological processes in vitro for successful investigations of their responses to various chemical substances and physical factors and for the effective drug development. 
